Topographic patterns are known to affect cellular processes such as adhesion, migration and differentiation. However, the optimal way to deliver topographic signals to provide cells with precise instructions has not been defined yet. In this work, we hypothesize that topographic patterns may be able to control the sensing and adhesion machinery of cells when their interval features are tuned on the characteristic lengths of filopodial probing and focal adhesions (FAs). Features separated by distance beyond the length of filopodia cannot be readily perceived; therefore, the formation of new adhesions is discouraged. If, however, topographic features are separated by a distance within the reach of filopodia extension, cells can establish contact between adjacent topographic islands. In the latter case, cell adhesion and polarization rely upon the growth of FAs occurring on a specific length scale that depends on the chemical properties of the surface. Topographic patterns and chemical properties may interfere with the growth of FAs, thus making adhesions unstable. To test this hypothesis, we fabricated different micropatterned surfaces displaying feature dimensions and adhesive properties able to interfere with the filopodial sensing and the adhesion maturation, selectively. Our data demonstrate that it is possible to exert a potent control on cell adhesion, elongation and migration by tuning topographic features' dimensions and surface chemistry.
Introduction
Biological tissues display a vast variety of topographies such as fibrils, fibre bundles, pits and protrusions, whose characteristic dimensions span from tens of nanometres up to the micrometre scale [1] [2] [3] . It is therefore reasonable to expect that the presentation of topographic signals is one of the strategies that Nature adopts to impart to cells specific orders, which eventually dictate their behaviour. In fact, many works demonstrated that patterned substrates strongly influence cell adhesion, migration and differentiation, suggesting that the presentation of topographic signals might be a powerful tool to control and guide cell behaviour in vitro [4] [5] [6] [7] [8] . Indeed, recent literature has addressed the importance of the material-cytoskeleton crosstalk, which is at the helm of the biophysical and biochemical stimuli eventually governing cell fate and functions [9] . These studies show novel routes to design bioinspired surfaces for biotechnological applications: several techniques proved to be adequate to produce micro-and nano-patterns with high precision and long range-order [10, 11] . Yet, the implementation of such technologies for the production of patterned biomedical devices is still in its infancy. This limitation is mainly caused by our incomplete knowledge of how cells perceive and react to topographic signals. Furthermore, cell responses vary enormously according to topographic features and dimensions, making it difficult to identify those characteristic dimensions which may be relevant for biomedical applications.
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In an in vivo context, it is desirable to control specific cell processes such as migration, proliferation and tissue biosynthesis. Despite the large numbers of works that have been developed so far on cell-topography interactions, a general consensus on what settings of topographic features elicit specific cell functions has not been reached yet. For example, while certain combinations of topographies promote cell alignment and migration, others report different trends [12, 13] .
This raises the fundamental question on how cells perceive and react to topographies. In this study, we chose to address this issue by using microtopographic patterns whose features might interfere with the cellular mechanisms that lead to material surface sensing. Among these processes, many studies pointed out that filopodial probing and cell adhesion formations are crucial for the recognition of and the reaction to material surface characteristics. Filopodia are thin and few micrometre long protrusive processes constituted by parallel bundles of filamentous actin [14] . Their tips display molecular receptors like integrins and cadherins, making filopodia the tactile sensors for the establishment of contacts in the extracellular space. Although filopodia length may vary considerably among cells, it has been reported that it falls within the micrometre scale range. In particular, the characteristic length of a filopodium projecting out of the cell membrane is approximately 5 mm [15] . Therefore, topographic features of the surface or protrusions 5 mm beyond the cell membrane might not be readily sensed by filopodia. Once filopodia have attached to the surface, they constitute the template for cell membrane extension and eventually adhesion formation.
Cell adhesions are dynamic molecular complexes for which formation, maturation and disassembly phases can be distinguished [16] . Nascent adhesions initiate with the binding of transmembrane receptors-integrins-to extracellular ligands. These complexes can grow only if firmly anchored to the surface, in which case additional intracellular proteins are recruited to the adhesion site, creating macromolecular complexes referred to as focal adhesions (FAs). Usually, adhesions are classified as focal if their length is between 1 and 5 mm [17] . These large variations in FA lengths mainly depend on the surface chemistry and ligand availability and density. In particular, surface hydrophilicity alters the presentation of ligands on the surface and any changes in material wettability have a profound effect on FA formation and growth [18] . Therefore, by simply altering hydrophobicity or hydrophilicity of the surface, for example by performing surface treatments, FA maturation can be depressed or promoted, respectively. Furthermore, surface topography may regulate the geometrical features of maturing FAs by displaying zones that are conducive for integrin clustering (e.g. ridges), juxtaposed to others that do not permit the formation of integrin-ligand complexes (like deep recesses or grooves). Therefore, FA shape and spatial arrangement can be in principle tuned through specifically designed topographic patterns.
In order to limit FA formation on the protrusions thus making the recesses less accessible, we set the feature depth at 1 mm, recently reported as the characteristic depth that discourages FA formations on the pits of polydimethylsiloxane (PDMS) microgrids [19] . In this work, we investigated the role played by cell environmental sensing, filopodial probing or adhesion establishment and growth in the perception of and reaction to surface topography. To this end, two different topographic patterns, in the form of parallel gratings, were produced in order to interfere selectively with the filopodial probing of FA growth. In particular, we hypothesize that topographic pattern recognition and subsequent reaction is a two-step process: firstly, filopodia length defines the breadth of the area in which adhesions can be formed (figure 1a)-if the surface features most favourable for FA formation (pattern ridges) are farther apart than the filopodia length (figure 1b), rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140687 cells remain confined on a specific pattern area and hence polarize ( figure 1c) ; secondly, if FA growth is hindered by topographic features (ridge width), then FAs have a preferential direction of growth and maturation (figure 1d), which eventually dictates cell elongation.
Material and methods

Preparation and characterization of micropatterned substrates
Patterned substrates were obtained by replica moulding of PDMS (Sylgard 184, Dow Corning Corporation, Midland, MI, USA) on silicon masters provided by Scriba Nanotecnologie (Bologna, Italy). The masters consisted of parallel and straight ridges of photoresist channels. Two types of masters were used: one with 2 mm wide ridges and 2 mm wide grooves, the other with 5.5 mm wide ridges and 4 mm wide grooves. Both of them had 1 mm deep grooves. PDMS was prepared by mixing elastomer base and curing agent at 10 : 1 weight ratio. The solution was degassed, poured onto the Si master and then cured at 378C for 24 h. Control (flat) PDMS substrates were produced by pouring the base and curing mix on a 35 mm polystyrene Petri dish (Corning, Corning, NY, USA) and curing at 378C for 24 h. In the following, substrates will be referred to as 2 or 5 mm patterns. PDMS replicas were characterized with an atomic force microscope (NanoWizard, JPK Instruments, Berlin, Germany). Images were acquired in contact mode using a silicon nitride tip with a nominal spring constant of 0.1 N m 21 (MSCT, Bruker, Billerica, MA, USA). Scanning area was set at 50 Â 50 mm, and images were recorded at line-scan rate of 1 Hz in air at room temperature. At least three independent imaging scans were obtained for each sample.
For cell culture experiments, PDMS samples were either treated with oxygen plasma or left untreated. Plasma treatment was performed with a Plasma Femto (Diener, Bö blingen, Germany) equipped with a 13.56 MHz 100 W generator for the plasma excitation. Plasma exposure was 1 min and then substrates were sterilized by UV exposure for 15 min.
Untreated substrates were sterilized in an autoclave. Oxygen plasma-treated (PT) and untreated (noPT) substrates were incubated with serum supplemented culture medium (10%) overnight prior to cell culturing experiment.
Contact angle (CA) measurements were performed to analyse wettability of PT and noPT PDMS with an Attension Theta optical tensiometer (Biolin Scientific, Stockholm, Sweden). An amount of 4 ml of MilliQ water was dropped on substrates with 5.5 ml s 21 dispense rate. For every drop, five images were recorded and analysed with Young-Laplace fitting method.
Cell culture
MC3T3-E1 preosteoblasts (American Type Culture Collection, Manassas, VA, USA) were cultured in aMEM with deoxyribonucleosides, ribonucleosides and 2 mM L-glutamine (Gibco Life Technologies, Grand Island, NY, USA), supplemented with 10% fetal bovine serum (Gibco), penicillin (100 units ml
21
) and streptomycin (100 mg ml
). The cells were incubated at 378C in a humidified atmosphere of 95% air and 5% CO 2 , and the culture medium was changed every 2 days. After 3 days of culture, cells were detached with trypsin/EDTA (0.25% w/v trypsin/0.02 mM EDTA) (Gibco) and seeded on micro grooved or flat substrates at 2 Â 10 3 cells cm 22 density.
Spreading area
Actin bundles of cells cultured on noPT and PT substrates were stained with TRITC conjugated phalloidin (Sigma, St Louis, MO, USA) at specified time points. In particular, cell cultures were fixed at 5, 30, 60, 90, 120 min and 24 h after seeding. Cell fixation was performed with 4% paraformaldehyde for 20 min and then permeabilized with 0.1% Triton X-100 (Sigma) in phosphate-buffered saline (PBS) 1Â. Actin staining was performed by incubating samples with TRITC-phalloidin (Sigma) in PBS for 30 min at room temperature. Images of fluorescent cells were collected with a fluorescence inverted microscope (IX81, Olympus, Tokyo, Japan) equipped with an ORCA 2.8 digital camera (Hamamatsu Photonics, Shizuoka, Japan). Cell area was evaluated with the command Analyze Particles of Fiji. At least 15 cells were collected and analysed for each time point and each substrate.
Immunofluorescence and morphometric analysis
Immunofluorescence staining was carried out as follows. Cells were fixed and permeabilized as described above at 4 and 24 h after seeding on noPT and PT substrates. Samples were blocked in PBS/ bovine serum albumin 1% solution (Sigma) for 30 min, to avoid non-specific binding. FAs were recognized by incubating samples with anti-vinculin monoclonal antibody (clone 7F9, dilution 1 : 200; EMD Millipore, Darmstadt, Germany) for 2 h at 208C. After incubation, substrates were washed three times with PBS (3 min per wash) and incubated with Alexa Fluor 488 conjugated goat anti-mouse antibody (dilution 1 : 1000; Molecular Probes, Life Technologies, Grand Island, NY, USA) for 30 min at 208C. Actin staining was performed as described above. Samples were thoroughly rinsed in PBS and mounted on glass slides. Fluorescent images of FAs and actin bundles were collected with a Leica TCS SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany). Samples were excited with 488 nm (vinculin) and 543 nm (actin) laser lines, and the emissions were collected in the 500-530 nm and 560-650 nm ranges, respectively.
Cell elongation was assessed from TRITC-phalloidin stained cells that were analysed with the MomentMacroJ v. 1.3 script (hopkinsmedicine.org/fae/mmacro.htm) run in Fiji. Briefly, the macro calculates the second moment of area of grey scale images. For our purposes, we evaluated the principal moments of inertia (i.e. maximum and minimum) and we defined a cell elongation index as the ratio of the principal moments (maximum/minimum). Cell orientation was defined as the angle that the principal axis of inertia formed with a reference axis, i.e. the pattern direction in the case of microgrooved substrates or the horizontal axis for flat surfaces. Electronic supplementary material, figure S1, shows representative cell elongation index values of two cells with different morphology, along with the angle of cell orientation.
Morphometric analysis (length versus orientation) of FAs was performed as follows. Digital images of FAs were firstly processed using blur command by following a modified version of the procedure proposed by Maruoka et al. [20] . Blurred image were subtracted from the original images using the image calculator command. The images were further processed with threshold command to obtain binarized images. Pixel noise was erased using the erode command and then particle analysis was performed in order to extract the morphometric descriptors. Only FAs whose area was above 0.5 mm 2 were included in the statistical analysis. Filopodia length was measured with the command 'measure' of IMAGEJ software. Only those filopodia not displaying visible vinculin spots were measured.
Statistical significance of the data was assessed by means of ANOVA test and Tukey's test for cell elongation and directional index and by a non-parametric Kruskal-Wallis test for cell orientation. Tests were run in Matlab (The MathWorks, Natick, MA, USA)
Scanning electron microscopy
Four hours after seeding, cells were rinsed with PBS and fixed in glutaraldehyde 2% (Sigma) for 2 h at room temperature. Then cells were dehydrated with ethanol series up to 100% at room temperature. Then samples were fully covered with ethanol 100% and they were critical point dried using an EM CPD 300 rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140687 (Leica). The substrates were then mounted to microscope stub and sputter coated with gold (Sputter Coater 208 HR, Cressington, Watford, UK). Images were acquired with a Zeiss Ultra Plus FESEM scanning electron microscope (Oberkochen, Germany) with an accelerating voltage of 6 kV.
Time-lapse experiments
Cell migration experiments started 6 h after cell seeding on the substrates. Briefly, preosteoblasts were cultured on PT or noPT substrates. Afterwards, at least six representative regions per substrate were acquired in bright field each 10 min for 18 h. Timelapse videos were analysed with METAMORPH (v. 6.1, Molecular Devices, Sunnyvale, CA, USA) in order to extract cell trajectories. Windrose plots of each experiment were plotted.
Directionality was assessed by evaluating the total movement of each cell along and across pattern direction as described by Biela et al. [21] . Briefly, let x be the pattern direction, then the directional index is defined as the ratio of the quantities defined as 
Results
Substrate characterization
The experimental set-up was designed in order to provide cells with bioadhesive signals, modulated by the hydrophobicity/ hydrophilicity of the surface, superimposed on a microtopographic pattern. Surface topography of PDMS replica is shown in the electronic supplementary material, figure S2 . Firstly, we assessed the influence of topography and oxygen plasma treatment on surface wettability. Untreated substrates were hydrophobic, displaying CA . 1008 (figure 2a). In particular, patterned substrates were more hydrophobic than flat surfaces, possibly owing to the establishment of the Cassie-Baxter wetting state [22] . Oxygen plasma treatment dramatically reduced the CA on all surfaces, with the 5 mm pattern exhibiting higher CA values (figure 2a). Cells, however, are cultivated in proteinrich media and surface protein adsorption might alter substrate hydrophobicity/hydrophilicity. Therefore, to unravel the combined effect of protein adsorption, oxygen plasma and topography on surface wettability, we performed CA measurements on samples preincubated with serum supplemented media. On noPT surfaces, we observed a general decrease of CAvalues with respect to the non-preincubated case, whereas PT substrates maintained their hydrophilic characteristics (figure 2b and electronic supplementary material, figure S3 ). These data suggested that even though protein adsorption was sufficient to make the PDMS hydrophilic, oxygen PT surfaces always showed significantly lower CA values and therefore it is expected that these two surface types might affect very differently cell behaviour in terms of spreading, adhesion and migration.
Cell spreading and cytoskeleton assembly
The effects of wettability and topography have been widely investigated individually; however, the combined influence on cell behaviour is poorly understood. To gain a better insight of such an influence on cell spreading, we measured projected area of actin stained cells at different time points up to 24 h. On both treated and untreated surfaces, cells attained a limiting spreading area within 90 min after seeding, whose value depended on the topographic features (electronic supplementary material, figure S4 ). After this time interval, the cell area oscillated around the limiting value, reflecting the extension/retraction cycles that occur at longer times. On oxygen PT surfaces, however, the cell area was larger with respect to that observed for cells seeded on untreated substrates. Furthermore, we observed that, irrespective of the surface treatment, cells on flat substrates were more spread than cells on 5 mm patterns. Cells on 2 mm patterns, instead, displayed an intermediate behaviour.
Then, we investigated the influence of the bioadhesive and topographic signals on the spatial arrangement of FAs and cytoskeleton assemblies. Confocal images of TRITC-phalloidin and Alexa Fluor stained vinculin revealed marked morphological differences between cells seeded on pristine and oxygen-treated surfaces. In detail, vinculin was largely diffused in the cytoplasm of cells cultivated on untreated microtopography, especially at 4 h post seeding ( figure 3a,b) . More intense spots of vinculin were observed at 24 h and at the termini of actin fibres, which were assembled in the form of a fine meshwork ( figure 3d,e) . On flat substrates, FAs were brighter and well defined, along with the cytoskeleton that was structured with thick actin bundles. Such features were observed already at 4 h and persisted at 24 h post seeding ( figure 3c,f ) . Conversely, on PT surfaces, intensely stained rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140687
FAs and stress fibres were observed on all substrates (figure 4). In particular, the longest FAs were predominantly localized at the top of the ridges, oriented along the pattern direction. On 5 mm patterns, FAs mostly grew on the rough edges of the ridges and small FAs on the grooves were observed occasionally ( figure 4b,e and electronic supplementary material, figure S5 ).
Figure 3. Confocal images of MC3T3 cells cultivated on untreated substrates for 4 h (a -c) and 24 h (d -f ). (a,d ) Cells on 2 mm pattern; (b,e) cells on 5 mm
pattern; (c,f ) cells on flat substrate. Cells were stained for actin fibres (red) and vinculin (green). Scale bars, 10 mm. rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140687
Few FAs were also observed in different directions from that of the pattern. These, however, appeared as aligned dots connected by a single actin fibre on 2 mm pattern (figure 4d) or as individual FAs on 5 mm pattern (figure 4b,e). MC3T3 cells attained an elongated shape within a few hours after seeding, according to the culturing conditions. We investigated how cells perceived the surface features and changed their shape accordingly. Cells on non-treated microtopographies assumed an elongated shape already at 4 h post seeding. Conversely, elongation of cells on flat surfaces occurred at longer times (figure 5a). Therefore, topographic signals provided an immediate directional cue for the elongation to occur. Surface plasma treatment affected both the magnitude and the dynamics of cell elongation. In fact, elongation was enhanced when cells were seeded on oxygen PT micropatterns. However, highly elongated cells were observed at long culture times, whereas at 4 h cells were well spread on the surface but displayed a rounder morphology (figure 5b). Conversely, cells on flat substrates exhibited a less elongated shape.
Elongation alone does not convey any information on the orientation of cells with respect to the topographic pattern. Therefore, we calculated the orientation of the cell major axis (i.e. principal axis of the moment of area) with respect to the pattern direction, for all the experimental set-ups (figure 6). On untreated surfaces, we observed a strong cell -pattern coalignment in the case of cells seeded on the 5 mm topography at 4 h post seeding. As expected, cells on flat surfaces were randomly oriented. Interestingly, cells on 2 mm patterns displayed an average orientation that was intermediate between the 5 mm topography and the flat case (figure 6a). No significant changes in orientation were observed at longer times. Cells on treated surfaces displayed a similar behaviour, except for the 2 mm PT set-up, where a strong cell -pattern coalignment was observed both at 4 and 24 h (figure 6b).
Filopodia and focal adhesions features
Cell spreading and elongation result from filopodial probing and FA establishment and growth. Therefore, we wanted to establish how material surface features interfere with these processes and with cell orientation, consequently. Filopodia were either straight or bent to follow the pattern contour. We observed that the average filopodial length remained unchanged with both topography surface properties, with the only exception of the 5 mm PT case in which filpodia were shorter than the flat PT experiment ( p ¼ 0.003). However, the distribution of lengths did not exceed 8 mm (electronic supplementary material, figure  S6 ) and the majority of the observed filopodia had a length below 5 mm ( figure 7d,e) . This suggests that filopodial probing might be independent from micrometre scale topography and adhesiveness. Conversely, FA length and spatial distribution rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140687 changed dramatically. On untreated surfaces and after 4 h of culture, MC3T3 displayed thin and short FAs most of which were not clearly detectable owing to the low contrast produced by the background fluorescence due to the abundant cytoplasmic vinculin. More defined FAs were observed only on flat surfaces at 4 h of culture. At longer culturing times, however, FAs were detectable on all substrates. In particular, the FA signal/cytoplasmic background ratio was sufficiently high to allow us to perform a thorough morphometric characterization. Therefore, we limited our attention to the 24 h culture experiments. In these cases, we were able not only to determine the distribution of FA lengths, but also the orientation relative to the pattern direction ( figure 8a-c) . On oxygen PT substrates, FAs were clearly visible already at 4 h on all the substrate types. However, in order to compare the effects of increased adhesiveness and topography on adhesion assembly, we here present the morphometric analysis at 24 h only ( figure 8d-f ) . On pristine or PT substrates, we found that longer FAs were oriented along the pattern direction (08 in figure 8 ). Fewer and smaller FAs were observed across the pattern direction. As expected, no preferential directions of FA growth were observed on flat substrates. We therefore hypothesized that the FAs, during their maturation, were able to grow in length as much as they could, up to a threshold level that was a function of the orientation. In particular, we assumed the threshold length along the pattern direction to be the maximum length of FAs that we observed on flat substrates (6.6 mm on pristine PDMS or 13.6 mm on PT PDMS, figure 8c,f ). However, if a FA grew across the pattern direction, the width of the topographic feature was assumed to be the threshold length. A further assumption was that FA threshold length varied with the orientation with respect to the pattern direction as the radius of an ellipse. In symbols
in which W is the minor semiaxis and is equal to the ridge width, L max is the major semiaxis and is the maximum length that FAs can attain in longitudinal direction, i.e. the maximum length observed on a flat substrate. According to the morphometric analysis reported in figure 8, our assumptions are valid in the case of 2 mm patterns, both treated and untreated, as most of the FAs were smaller than the threshold value ( figure 8a,d) . Conversely, on 5 mm pattern, FAs perpendicular to the pattern direction were smaller than the maximum length available, attaining a value of approximately 2.5 mm (figure 8b,e).
Cell migration
Owing to the observed differences in FA maturation and spatial distribution, along with the differences in cell elongation and orientation, we expected that the combined effect of topography and oxygen plasma treatment might be a potent regulator of cell migration. Indeed, cells on untreated 2 mm patterns were able to move extensively across the pattern direction (figure 9a). Interestingly, this behaviour changed dramatically when the same pattern was treated with oxygen plasma, in which case cells migrated extensively along the pattern direction (figure 9d). Conversely, a strong trajectory-pattern coalignment was observed in the case of cells on 5 mm patterns, both for untreated and treated surfaces ( figure 9b,e) . Such a coalignment was amplified on PT substrates. As expected, trajectories of cells rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140687 migrating on flat substrates were distributed isotropically on the plane ( figure 9c,f ) .
Accordingly, the quantitative analysis of alignment of cell migration through the evaluation of the directional index revealed a high trajectory pattern coalignment in the case of 5 mm patterns, whereas only the tracks of cells on PT 2 mm patterns exhibited a considerable alignment with the pattern direction (figure 9g).
Discussion
Adequate integration and cellular colonization of biomaterials are key issues to consider in order to improve functionality and long-term stability of implants. To date, various strategies exploiting different arrays of stimuli have been pursued in order to guide cells to the implant site and controlling their behaviour therein. However, the optimal set of stimuli able to elicit the desired cell response has not been identified yet. Topography is a potent signal that has proved to be very effective in regulating cell adhesion, proliferation and migration. Furthermore, topographic patterns can be embossed on artificial surfaces with great accuracy and over large areas. Owing to these advantages, several types of devices presenting patterned surfaces were fabricated and tested for various applications. For example, Curtis et al. [23] proposed a micropatterned PDMS sheath for in situ tendon repair that effectively guided collagen biosynthesis and assembly with normal histology. More recently, Rani et al. [24] have reported improved in vivo osteointegration of nanopatterned titanium implants. Altogether, these data demonstrate the effectiveness of topography in in vivo settings, where the spatial and temporal stability of the presented signals is key. Yet, the best way to present topographies able to elicit the desired cell functions has not been defined. This becomes particularly relevant in the case of surfaces able to affect cell morphology, orientation and migration. These aspects are crucial when it is desired to replicate the supracellular patterns observed in vivo. However, a fully effective topography mediated cell control, both in vivo and in vitro, has not been achieved yet, owing to our modest understanding of the basic principles that regulate cell-topography interactions. In order to gain a better understanding of the way cells perceive and react to topographies, we used microgrooved substrates whose features had characteristic lengths that interfere with cell filopodial probing and FA establishment and growth. The probing mechanism is strongly connected to filopodia length. Literature data report an average length of filopodia of the order of 1-5 mm [15, 25, 26] . We confirmed that this dimension is still valid in the case of micropatterned surfaces. In particular, we found that filopodia length rarely surpassed 5 mm (figure 7d,e). Adhesion formation is subsequent to filopodial probing. Once formed, adhesions grow in length; this process may be hindered by the presence of topographic patterns [4] . Preliminary experiments performed on flat surfaces provided us with information on the average FA length that MC3T3 cells are able to assemble on PDMS substrates (2.39 + 1.12 mm). Furthermore, we noted that the hydrophobic/hydrophilic characteristics of the surface alter FA maturation. In fact, as reported by Llopis-Hernández et al. [27] , FA formation is enhanced on more hydrophilic surfaces, because there is an increased availability of binding domains of the physisorbed protein layer. Indeed, we found that on oxygen PT surfaces FAs are longer and wider and can reach a length of up to 13 mm (figure 8f ). Additionally, topographic patterns are known to alter surface wettability and to adsorb serum proteins non-uniformly [28] , but the total mass of adsorbed proteins does not change with respect to flat surfaces [28] . Therefore, differences in terms of adhesion and migration have to be ascribed to the local ligand presentation, which in turn is modulated by topography and chemical surface characteristics.
FAs were mostly observed on the top of the ridges of the 2 and 5 mm patterns. In the latter case, however, a very limited number of FAs were also on the grooves both at 4 and 24 h. Filopodia have sufficient mobility and length to come in contact with the deep topographic recesses. In principle, these filopodia can establish new focal contacts, but apparently this event is unfavoured in contrast to FA formation on the ridges. In fact, as demonstrated by Albuschies & Vogel [29] , FA formation is impaired when the angle between the filopodia and the adhesion plane is high (128 on glass). Such an impairment is caused by high normal stresses acting on the FA, which are responsible for integrin -ligand complex disruption. An analogous circumstance may occur when filopodia penetrate into the recesses of the topographic patterns. In our patterns, filopodia may form non-zero angles with the adhesion plane. Five-micrometre pattern seemed to be a more permissive configuration for FAs to establish on the groove top, owing to the smaller aspect ratio of the topographic feature. Therefore, topographic patterns create preferential zones for the adhesion plaques to establish and grow. The cell traction machinery constituted by actin stress fibres, which are responsible for cell polarization and migration, is also affected by the geometrical features of the adhesion plaques and, hence, by the spatial distribution of adsorbed proteins. Ultimately, ordered topographic patterns, in the form of gratings and grooves, produce pathways for the cell adhesion plaques, thus altering spreading and cell migration [30, 31] . In particular, cells on 5 mm patterns displayed a high elongation and strong coalignment with the pattern direction. This is reflected in the direction of migration, which was remarkably close to the pattern direction. Cells on 2 mm patterns had a bimodal behaviour, i.e. their behaviour in terms of coalignment, elongation and migration was intermediate between that observed for cells on untreated 5 mm pattern and flat substrates. Conversely, they behaved in a more similar way to 5 mm pattern when the substrate was subjected to oxygen plasma treatment. Accordingly, we found long FAs directed along the pattern in the case of cells exhibiting a strong coalignment with the pattern. However, a considerable fraction of FAs directed perpendicularly was found for both the plasma-treated 5 and 2 mm patterns. In the first case, FAs were isolated and did not occupy the whole pattern ridge or groove (figure 8e). Actin fibres connected to these FAs resembled uncontractile dorsal stress fibres [32] , whereas longitudinal FAs were anchored to thicker and contractile ventral stress fibres. Therefore, on 5 mm patterns, the establishment of transverse adhesions is admissible, but their maturation is unfavoured with respect to FAs growing along the pattern. On plasmatreated 2 mm patterns, we observed transverse adhesions in the form of dashed structures. Interestingly, these adhesions were connected by isolated actin bundles, suggesting that dashed adhesions might indeed belong to the same entity (figure 10a). According to Balaban et al. [33] , actin-generated forces regulate FA area in order to maintain shear stress at the adhesion site at the constant value (5.5 nN mm
22
). If FA growth cannot keep up with increasing tensile forces, being geometrically confined, the resistance in the transverse direction is reduced, owing to a less extended contact area (figure 10b). Therefore, adhesion sites in the transverse direction have a higher probability of disassembling, whereas longer and mature adhesions that elongate along the ridges are more stable (figure 10c). This results in elongation of cells along the pattern direction with an increased directional migration.
Conclusion
This work investigates the combinatorial effects of micrometre scale topography and chemical characteristics of the surface on the adhesion and migratory behaviour of MC3T3 cells. Our results suggest the existence of two characteristic lengths of the topographic features, according to which cells may react differently. In the context of topographies with longrange order and specifically microgratings, cells are not able to perceive ridges that are placed farther than the length of filopodia, whose dimension span in the 1-6 mm range. Also, when ridges reach dimensions capable of interfering with FA maturation, strong effects on cell elongation and migration are observed. In particular, FA growth is intimately connected to ligands' availability and conformation, which in turn are strongly affected by the chemical properties of the surface. Thus, different chemical surface properties induce different FA dynamics and therefore alter the way cells perceive the topography. This suggests that topography might not be a signal per se, but the way it is perceived is strongly mediated by proteins absorbed on the surface and hence by the spatial positioning of ligands. Therefore, we would expect very similar results in the case of biochemical patterns constituted by micrometric stripes of adhesive proteins, separated by antiadhesive regions. This does not necessarily mean that topographic signals can always be substituted by biochemical patterns. In fact, topographic signals are easier to encode on synthetic surfaces, can be reproduced with a high consistency and are very stable under harsh processing conditions and also in in vivo settings.
